Hysteretic losses in the MgB 2 wound superconducting coils of a 550 kW synchronous hybrid scaled generator were estimated as part of the European project SUPRAPOWER led by the Spanish Fundación Tecnalia Research & Innovation. Particular interest was given to the losses caused by the magnetic flux ripples in the rotor coils originating from the conventional stator during nominal operation. To compute these losses, a 2D finite element analysis was conducted and Maxwell's equations written in the H-formulation were solved considering the nonlinear material properties of the conductor materials. The modeled tapes are made of multiple MgB 2 filaments embedded in a Ni matrix and soldered to a high purity copper strip and insulated with Dacron braid. Three geometrical models of single tape cross sections of decreasing complexity were studied: (1) the first model reproduced closely the actual cross section obtained from tape micrographs. (2) The second model was obtained from the computed elasto-plastic deformation of a round Ni wire. (3) The third model was based on a simplified cross section with the superconducting filaments bundled in a single elliptical bulky structure. The last geometry allowed the validation of the modeling technique by comparing numerical losses with results from well-established analytical expressions. Additionally, the following cases of filament transpositions of the multi-filamentary tape were studied: no transposition, partial and full transposition; thereby improving understanding of the relevance of the tape fabrication process on the magnitude of the determination of ac losses. Finally, choosing the right level of geometrical detail, the following operational regimes of the machine and its impact on individual superconducting tape losses in the rotor were studied: bias-dc current, ramping current under ramping background field and magnetic flux ripples under dc background current and field.
Introduction
The application of superconducting materials in electric machines presents various benefits such as size and weight reduction, greater efficiency at full and partial load and higher power density [1, 2] . With such promises, superconducting rotatory machines emerge as an appealing technology for offshore multi-megawatt wind generators. Indeed, their great power density can be used to maximize the 'power per tower' by overcoming the size and weight barriers present in conventional turbines. This increased 'power per tower' leads ultimately to a reduction of the overall cost associated with the construction, installation and maintenance of offshore wind towers [3, 4] . Therefore, as wind power is expected to play a major role as one of the main renewable sources of energy in this decade, it is not surprising that various R&D projects on the design and operation of superconducting generators as well as the development and characterization of wires for wind power applications have been and are being conducted worldwide considering the advantages that can be gained by such technology over conventional ones [5] [6] [7] [8] [9] . In Europe, the European Wind Energy Association has already foreseen a need ranging from 165.6 GW-217 GW of running wind power by 2020 to make up for reducing human dependence on conventional power generation and the constant increase of energy demand [10] . In this context, increasing efforts are necessary to meet the expectations and more research is and will be still necessary to overcome the technological challenges arising from the introduction of superconducting materials in wind power generation.
The present publication is part of this large body of R&D efforts. It focuses on the characterization and development of multi-filamentary MgB 2 wires for future multi-megawatt wind generators for offshore applications [11] [12] [13] [14] within the framework of the SUPRAPOWER project [15] . This last project, led by the Spanish Fundación Tecnalia Research & Innovation (Tecnalia), aims to design a 10 MW hybrid synchronous generator and to validate experimentally the proposed concept with a scaled generator. Each rotor pole of this machine will be composed of racetrack-shaped coils wound with copper strip soldered MgB 2 superconducting tapes whereas the stator will remain conventional. One scaled generator of 550 kW (four rotor poles) has been proposed to validate some aspects of the 10 MW prototype design, and the construction of two of their four coils is on-going. One of the key design aspects is the ability to cool down and maintain the rotor cooled to the desired operating temperature of 20 K under different regimes of operation. A modular cryogen-free cooling system was developed to achieve this objective. In order to guarantee the expected operating temperature, a reliable estimation of the steady state losses should be computed. Particular attention is given to the ac losses induced in the superconducting tapes of the rotor that originate from the magnetic coupling between the rotor and stator. This coupling leads to the presence of magnetic ripples at the rotor coils during in-load operation of the generator which leads to heat dissipation arising from the response of the tape material to changes in local magnetic flux. To ensure reliable operation of the superconducting machine, the resulting heat should be removed by the cryogenic cooling system [16] .
Substantial work has been dedicated to the estimation of losses in tapes and stacks. The first analyses relied on analytical expressions [17] [18] [19] [20] but soon proved to be too limited to specific over-simplified problems and they may not be scalable to more general cases such as dc transport current under varying perpendicular magnetic field in stacks of multifilamentary tapes. This complex case is particularly relevant when one deals with the windings of thousands of turns typically found in superconducting electrical machines. To reach the level of geometrical detail to infer the behavior of multi-filamentary tapes in such stacks, new techniques based on the finite elements method (FEM) have been tested. The method has quickly proven to be a powerful tool to analyze large scale applications through the use of homogenization and multi-scale based approaches [21] [22] [23] [24] [25] .
This work focuses on estimating the losses in tapes and stacks under the operating conditions of the SUPRAPOWER prototype generator. Therefore, a brief description of the scaled machine is first introduced along with the background of the study to provide the reader with the context of the work. Subsequently, a quick overview of the H-formulation of Maxwell's equations and a brief description of the multiscale approach are presented. Then, the results of the different studies leading to the multi-scale approach are discussed. Finally, an upper bound for the hysteretic losses in the superconducting rotor coils of the 550 kW scaled generator is estimated. This upper bound can be used to improve the cryogenic design of the final 10 MW machine down the road.
To study the power losses in the superconducting rotor of the scaled generator, several considerations need to be made. The nonlinear magnetic behavior of the Ni matrix was implemented through a relative permeability dependent on the applied magnetic field, however, the corresponding hysteretic losses were not considered in the estimation of the total losses of the rotor coils. Furthermore, the coil ends were not modeled. The machine is assumed to be infinitely long along its rotational axis. In addition, all the coils have the same number of turns and every turn is made of identical tapes with uniform characteristics along their length. The temperature of the superconducting winding is assumed to be uniform across the cross section of the rotor coils and equal to 20 K. Under these assumptions, a preliminary set of studies was carried out on a single tape to determine the level of detail required to compute accurately the hysteretic losses in the rotor coil using the multi-scale approach. Once the level of required detail had been established, the superconducting rotor losses were computed for different operating conditions of the machine.
For single tape analysis, three models of tape cross sections of decreasing complexity were studied: (1) the first model reproduced closely the actual tape cross section obtained from micrographs, (2) the second model was obtained from the computed elasto-plastic deformation of a round Ni wire without considering the presence of MgB 2 filaments and (3) the last model was based on a simplified elliptic cross section which was used to validate the modeling technique. To complete this study, three cases of filament transpositions were presented: no transposition, partial transposition and full transposition. This last case allowed the evaluation of the impact of the transposition on the magnitude of the losses and determining the best practical transposition choice to manufacture tapes for wind power applications. Once the appropriate level of tape geometrical detail was chosen, the multi-scale approach was applied to the cross section of a rotor coil by the magnetic symmetry plane. Basically, the proposed approach allows accurate computation of the hysteretic and coupling loss of a single refined tape geometrical model which is then used to estimate the loss of the full rotor coil by adding and interpolating the loss of individual tapes over the entire coil cross section.
Description of the hybrid synchronous scaled generator
The MgB 2 coils under study are part of a direct drive synchronous generator, developed in the SUPRAPOWER project led by Tecnalia [26] . This project aims to design and construct a 10 MW hybrid machine for wind power application (superconducting rotor, conventional stator).
A first 550 kW scaled generator with four warm poles has been proposed to validate some design aspects of the 10 MW machine. This scaled generator is composed of four rotor poles using the exact same coils per pole of the final machine as depicted in figure 1 . The construction of two of the four coils is on-going. An introductory, general description of the generator can be found in [27] . Its main characteristics are listed in table 1.
Each superconducting coil is composed of nine double pancakes (DPs) separated by a 0.2 mm G10 insulation layer. The tapes, provided by Columbus Superconductors [28] , are made of 19 MgB 2 filaments embedded in a Ni matrix and soldered on one side to a Cu strip [29] . To help in the cooling and homogenization of the temperature of the DP, a 2 mm thick solid oxygen free electronic (OFE) Cu grade plate is inserted between each pancake. Additionally, two 8 mm thick solid OFE Cu plates were added to the upper and lower flat sides of each DP [15] . Table 2 summarizes the main parameters of a pole coil and its cross section is shown in figure 2 .
Methodology for estimating the hysteretic losses in a superconducting rotor coil
FEM analysis has proven to be a valuable tool to estimate losses in single tapes and stacks of tapes. However, it remains a difficult task, especially if one must consider some fine level of geometrical detail of the tape cross sections which leads to the need for powerful computing resources and long computation times. The current work belongs to this group of challenging cases dealing with the modeling of multi-filamentary tapes with nonlinear material properties. To obtain the best estimation of the ac losses in the rotor coils maximizing the computing efficiency, the following methodology was used. A preliminary set of studies was conducted on a single tape for which the impact of a detailed geometrical description of the tape cross section and the filament transpositions on ac losses is investigated. These preliminary studies allow the determination of the best level of geometrical detail of tape cross section to compute with the best possible accuracy the losses of a rotor coil. As mentioned previously, these losses result from the response of the superconducting filaments to changes of local magnetic flux. These changes are materialized as ripples on top of the dc synchronous component of the magnetic flux density seen by the rotor at nominal operation. In a second study before simulating the whole coil, the impact of these ripples on a single tape was studied. First, the presence of a dc current ramp and a magnetic field applied perpendicularly to the tape, which represent the loading regime of the coil, was simulated.
Once the nominal transport current in the coil was reached and the transient behavior vanished, magnetic ripples of different amplitudes were superimposed on the perpendicular dc magnetic field, and the average hysteretic loss of a single tape was then computed. Based on the single tape analysis, it was found that the simulation of the complete superconducting coil cross section considering each individual filament making each individual tape was not practical. To ease the computational load, a multi-scale approach was proposed as in [23, 24, 31] .
The magnetic field at the coil boundary is computed in the time domain over the entire cross section of the machine. This provides the value of the magnetic field at a boundary in the vicinity of the coil. This field is later split into a fundamental component (dc component as seen by the rotor) and its harmonics (magnetic ripples on top of the dc component) using fast Fourier transform (FFT). For the computation of the dc component, the model uses the simple elliptic cross section model of the tape cross section. The magnetic field at each tape boundary computed with the previous simplified model is then used to estimate the losses in a single tape resulting from the magnetic ripples for which a greater level of detail, including filaments and their transposition, is considered. Finally, an upper bound of the rotor losses can be estimated using the multi-scale approach.
The estimation of this upper bound was carried out by extrapolating linearly the losses computed on a single tape having the most detailed geometrical model to the full coil. This approach allows estimation of the distribution of losses in coil cross sections showing areas of higher and lower heat dissipations that can be fed to the thermal analysis of the cryogenic system.
Individual tape cross sections and transpositions

Cross sections: original, standard and elliptic
To compute ac transport current losses, three cross sections are considered. The first one is referred to as the 'original' cross section ( figure 3, top model) . It is digitalized from a tape micrograph. This geometry shows a relative proportion of materials (25.32% Ni; 74.68% MgB 2 ) that does not match the proportions provided by the manufacturer (21.5% Ni; 78.5% MgB 2 ) [29] . This discrepancy is likely to be due to statistical non-uniformities along the tape such as plastically deformed shapes, broken or merged filaments. These nonuniformities are not included in the proposed 2D model. Subsequently, a second standard geometry was developed, referred to as the 'standard' cross section, which allows reproduction of the proportions of the manufacturer. Hence, the actual tape cross section was computed from a simulation of the elasto-plastic deformation of a Ni cylinder having void round holes representing the presence of the MgB 2 filaments as shown in figure 4 [15] . Once the deformation was computed, keeping the material proportions as provided by the manufacturer specifications, the copper strip was added on one side of the tape to obtain the desired tape model as given in figure 3 (middle model). Finally, an additional cross section made of a bulky elliptic MgB 2 material surrounded by a Ni matrix, referred to as the 'elliptic' cross section, was considered as shown in figure 3 (bottom model). This simplified cross section allows the comparison of the numerical results to the results obtained from well-established analytical formulas to validate the modeling technique. It should be noted that in this case the critical current of the tape was estimated using the methodology proposed and detailed in [32] . To match the measured critical current with the one expected from the latter model, the critical current density J B c ( ) was multiplied by a scaling factor F r so that J B J B F 
The best parameter to fit the experimental data [29] was found to equal 0.464 with an error less than 1% over the whole range of measurements.
Considered transposition cases
A time-dependent magnetic field tends to couple filaments together through the metallic matrix. As the change rate gets larger and larger, coupling currents increase. Twisting the filaments decreases the induced electromotive forces between them, therefore reducing the inter-filamentary coupling [33] . Furthermore, transposition of filaments allows a more uniform current distribution, avoiding highly saturated filaments. In the case of full transposition, all the filaments exchange position (which is not possible in real samples); so all the filaments are carrying the same amount of current. In the case of partial transposition, the filaments are grouped in three layers (external layer: 12 filaments, middle layer: 6 filaments and central layer: 1 filament) where only the filaments in the same layer exchange position. In this case, each filament of each layer transports the same amount of current but the current differs from one layer to the other. For the no transposition case, none of the filaments exchanges position, so each filament could carry any amount of current. Although only the partial transposition case corresponds to the wires considered [28] , for completeness, the other cases are also presented. As a result, seven cases were studied: original cross section with full, partial and no transposition; standard cross section with full, partial and no transposition; and finally elliptic cross section for which no transposition applies. Before presenting the numerical results, a brief revision of the mathematical equations and the basic modeling technique is given. 1 ) = --J c is the critical current density, B is the norm of the magnetic flux density and n is the n-value indicating the sharpness of the E-J characteristic [34] . In this study, the authors consider n = 20 over the entire coil at an operating temperature of 20 K [30] . Equation (2) gives the expression of the magnetic dependence of critical current density that has already been successfully applied to model MgB 2 [1] ,
The best fit for the experimental data of [29] (shown in figure 5 ) was obtained with the parameters summarized in table 3 [32] . The relative error is less than 1% over the whole range of measurements.
The constraints used to model the transpositions of filaments are represented in figure 6 , where filaments carrying the same amount of current are depicted with the same color. These constraints were used to match the current in the filaments according to equation (5) (where I i is the current flowing through filament i given by equation (3) , and I j is the current flowing through filament j in equation (4)). The partial transposition was modeled so that the current was equal for all the filaments of the same layer, and the full transposition was achieved by considering that all the filaments of the tape were carrying the same current.
H-formulation
Computation of losses was conducted using Comsol Multiphysics® version 4.3a implementing a 2D H-formulation. To take into account the magnetic behavior of the Ni matrix embedding the MgB 2 filaments, Maxwell-Ampére and Maxwell-Faraday equations together with the constitutive relations were expanded with a nonlinear relative permeability depending on the applied magnetic field H as described in [22] . The resulting system is summarized by equations (6)-(8) [22] , where H x and H y are the x and y components of the magnetic field, E z is the z component of the electric field, J z is the z component of the current density, 0 m is the vacuum permeability and H r ( ) m corresponds to nickel's relative permeability which depends on the local magnetic field (figure 7). This relation was constructed from the data available in the literature [35] . Some unpublished measurements were performed at 300 K in the Technical Service of Magnetic Measurements at UPV-EHU University Figure 6 . Transposition of filaments depicted in colors and imposed by constraints. Top to bottom: no transposition, partial transposition and full transposition. by Dr Iñaki Orue showing good agreement [36] . Following the same reference, the temperature dependence is weak with a variation of about 5% between 300 K and 20 K. Finally, the resistivity of the superconducting material is given by equation 
To compute the instantaneous losses, the inner product between the electric field E  and the current density J  was computed over the whole cross section of the tape. The average losses (Q) were obtained by integrating the instantaneous losses over half a period (T ) multiplying the result by a factor T 2 as shown in equation (10)
. Individual tape analysis
Verification of the modeling technique
To validate the modeling technique, the losses due to ac transport current obtained with FEM were compared with the analytical formula developed by Norris [18] . The amplitude of the ac transport current was spanned from 10% I c to 100% as shown in figure 8 . The numerical model showed excellent agreement with Norris's expression for large n-values. This is consistent considering that the critical state model used by Norris corresponds to the limit case of n=∞ [38] . The comparison confirmed the validity of the numerical model for estimating losses in superconducting materials. Additional estimates allow the consideration of the dissipation arising from the presence of Ni and Cu that Norris's expression cannot provide within its assumptions.
Having cross-checked the modeling technique with a well-established analytical expression in the simplest tape model under Norris's assumptions, the most detailed geometrical models were then investigated. Thus, the total ac losses for the three cross sections (original, standard and elliptic) and the transposition cases were computed. The results are gathered in figure 9 . The losses estimated using the standard cross section are shown by diamond symbols, the elliptic cross section by rectangular symbols and the original cross section by circles. Each transposition case was identified through different line types (continuous: no transposition; dashed: partial; dots: full). In figure 9 can be seen an increase of average losses due to the saturation of some of the tape filaments for currents ranging from 70%-100% of I c in the no transposition case (continuous line). In this case, the outermost filaments shielding the penetration of the magnetic field carry most of the current and saturate, increasing the losses. In the partial transposition case (dashed line) the saturation occurs later, once higher transport currents are reached. For transport currents closer to 10% of I c and lower, any saturation effects are not expected and the induced and coupling currents in Cu and Ni dominate the total losses. There is a discrepancy between the average losses of the standard and original geometrical models that originates from the difference in material proportions and filament shapes.
The transposition of filaments in the superconducting tape plays a significant role in reducing the losses at transport current amplitudes that are close to the critical current. Amongst the different cases of filament transposition, the model more closely representing the actual tape to be used in the SUPRAPOWER project is the partial transposition case [28] . For this reason it will be used for subsequent analysis. In practice, the full transposition case is difficult to implement in the manufacturing process of the tapes even though it may reduce the average losses at higher transport current amplitudes. It should be noted that the reduction in losses compared to the partial transposition case is less than a factor of 2 at I c and this difference decreases quickly at lower fractions of I c (<80%) at which high-temperature superconducting systems are usually operated. It is then the optimum manufacturing process to meet the operating specification of the generator. The no transposition case is simpler but only gives an upper limit to the average losses. It is not the preferred choice of tape manufacturing process since it does not make use of most of the superconducting material, increasing the cost of the product.
Estimation of average tape losses due to dc transport current and dc background magnetic field with and without ripples
This analysis is conducted in two steps. The first step introduces a 100 s magnetic ramp from 0 T to the operating value while current is ramped from 0 A to 95 A (the nominal current of the superconducting coils). The external magnetic field is applied perpendicularly to the tape surface. Once most of the transient regime has vanished (>600 s as depicted in figure 10 ), the last state of the previous step (at 1000 s in figure 10 ) is transferred to the next step as an initial condition. In this second step, ripples are added to the perpendicular magnetic flux density and the transport current of 95 A. From the FFT analysis of magnetic field computed by the machine model, it was found that the sixth harmonic had the largest amplitude (see next section). Therefore the ripples were assumed to be sinusoidal functions of amplitudes: 1 mT, 2 mT, 3 mT, 4 mT, 10 mT and 100 mT at a frequency of 24.3 Hz, thus matching the sixth harmonic of the magnetic field generated in the generator. Since the initial conditions for each ripple amplitude are identical, the first step is computed only once at the same external field and dc transport current.
The instantaneous losses during the ramping period (first step) are shown in figure 10 , here one can note an increase during the ramping to reach a maximum before decaying over the first hundreds of seconds and then finally slowing. This transient behavior is related to the induction of persistent currents during the ramping period [39] . These induced currents decay slowly due to the low resistivity of the MgB 2 filaments modeled here as a power law. The average losses per unit length as a function of ripple amplitudes are shown in figure 11 . It can be noted that the average loss increases with the amplitude of the ripples. Indeed, when the ripple amplitudes are increased, the hysteresis loop becomes bigger leading to an increase in the losses.
From these last results and assuming that all the tapes of the superconducting rotor coils behave as a single tape under magnetic ripples, an upper limit of the hysteretic losses in the rotor of the 550 kW machine is subsequently estimated in section 7.2. The magnetic field at the coil boundary, provided by Tecnalia, was computed in the time domain over the entire cross section of the machine with the FEM software ANSYS Maxwell [40] . It included the effect of the superconducting rotor coils, the normal conducting stator coils and the eddy currents induced in the most significant metallic parts of the machine. This provided the value of the magnetic field at the boundary (path 1-2-3-4, figure 12 ). Subsequently, this value was divided into two components: (1) a dc component of the field produced by the rotor and the main component of the stator and (2) harmonics.
The distribution of the magnetic flux density over the cross section of a rotor coil is shown in figure 13 . It was obtained from a simplified stationary model made out of the elliptic geometric model of individual tapes. For this computation, the dc component is introduced as a Dirichlet boundary condition at the coil boundary (path 1-2-3-4) . Then, the distribution of the magnetic flux density is computed over the entire cross section of the coil so that it is possible to extract its local intensity at the boundary of each individual tape. This value is subsequently used as a Dirichlet boundary condition to compute over time the losses of individual tapes in the rotor coil. This approach allows the introduction of fine detail of a tape cross section considering the impact of the remaining tapes making up the rest of the coil, the contributions of which are given by the computation of the local magnetic flux density. The advantage of this multi-scale approach is the increasing level of detail that can be implemented to model the tape cross section without requiring substantial computing resources and time [24, 31] .
From the distribution of the magnetic flux density given in figure 13 , one can observe that the strongest magnetic field is located at the upper left side of the coil, and the lowest intensity is at the lower right side.
Using FFT to analyze the magnetic ripples resulting from the coupling between the rotor and stator, the amplitude spectrum was computed and is shown in figures 14 and 15. Considering an operating frequency of 4.05 Hz, even harmonics are present with the sixth one showing the largest Figure 12 . Rectangular boundary of the superconducting coil covering the path passing by points 1-4. Figure 13 . Dc magnetic field in the cross section of the rotor coil, without taking into account the magnetic ripples. Figure 14 . Amplitude spectrum of the y component of the magnetic field at the coil boundary (see figure 12) .
amplitude (24.3 Hz) almost all along the boundary of the coil (path 1-4). This harmonic is used to compute the hysteretic losses. It is worth pointing out that despite the main component of the stator current having its fundamental frequency at 4.05 Hz, it is seen as static in the rotor frame. The reason for this is that the scaled generator is a synchronous machine and the rotor is rotating at a frequency multiple of the fundamental one of 4.05 Hz. In such a machine, because of the presence of salient poles, alternating ferromagnetic poles and interpolar spaces, the sixth harmonic at 24.3 Hz end up being the dominant one. The static field (from the rotor point of view) is still the strongest component by far (including the contributions of both rotor and stator), but the sixth harmonics appearing as ripples in the dc field seen by the rotor remains the main contributor to the ac losses.
Estimation of coil loss
From the individual tape analysis presented in section 6.2, the average loss per tape exposed to a magnetic flux density of 1 T with a ripple amplitude of 1 mT at a dc transport current of 95 A is 0.12 mW m −1 (including losses from induced currents in the Cu strip, Ni matrix and MgB 2 ). This result is multiplied by the number of turns in a coil to estimate an upper limit for each individual coil. Thus, for a total tape length per coil of 3200 m [15] , the total loss per coil is 0.4 W. This estimation does not consider the hysteretic losses in the Ni matrix of the tape and the induced losses in the Cu plates cooling the DPs by conduction. For the scaled generator, considering four coils, the burden on the cryogenic system is 1.6 W, well below the cooling power of commercial cryocoolers. Even though a better estimation could be achieved by taking into account the losses of each individual tape of the coil, the upper bound is the most relevant parameter to ensure safe operation of the machine.
As discussed previously, for completeness and to obtain a better range of expected loss values for such a generator, the multi-scale technique was implemented to estimate the coil losses. The dc component of the magnetic field was obtained from a magneto-static model of the full coil. To compute the magnetic field, the elliptic cross section model was used since it requires fewer elements and gives a good representation of the magnetic field outside the tape. Then, the computed dc magnetic field for which magnetic ripples were added was used as a boundary condition to study the losses of each individual tape of the coil cross section. The individual tape was modeled following the standard geometry with partial transposition. In figure 16 a representation of this strategy can be seen, where the boundary of the tape is depicted with a continuous blue line. The amplitude of the magnetic ripples was chosen based on the inspection of figure 17 showing the quotient between the average ripple magnitude and the dc component at the boundary of the coil. Hence, for the tapes in the uppermost and lowermost pancakes of the coil, a mean value of magnetic ripples was used as boundary condition (upper path 1-2 and lower path 3-4). For the rest of the tapes, a linear interpolation was applied. This will overestimate losses, since the ripples are not considered to be affected by the eddy currents induced in the metallic parts. In this study, average tape losses were calculated over 40 tapes of the 75 making each pancake (720 out of 1350 tapes). The remaining tape losses were estimated by interpolating the average losses of the 40 tapes per pancake over the entire coil cross section. In this study, the total losses per coil were estimated to equal 0.01 W, one order of magnitude lower than the upper bound as previously computed. Figure 18 shows the average tape losses as function of the tape location. Tapes were numbered from left to right. Each pancake was highlighted with a different color and numbered from bottom to top. The tapes with greater losses are located in the uppermost pancake for which extra care would have to be taken to maintain the operating temperature at an average of 20 K. Figure 19 shows the distribution of losses in the coil cross section. A strong correlation between average losses per tape and the dc background magnetic field can be inferred if one compares Figure 15 . Amplitude spectrum of the x component of the magnetic field at the coil boundary. Figure 16 . Multi-scale strategy implemented for the estimation of losses in the superconducting coil.
figure 19 with figure 13 . Here the highest losses and the strongest magnetic field are found at the top of the coil. Conversely, lower losses and the weakest magnetic field can be found at the lower right corner of the coil. This was expected, as the nonlinear resistivity of the superconductor responsible for the hysteretic losses is strongly dependent on the local value of the magnetic flux density. Indeed, greater magnetic field leads to larger resistance. From the distribution of losses, it may be inferred that the uppermost pancakes would require better cooling. 
Conclusions
Losses of multi-filamentary MgB 2 tapes under synchronous generator operating condition were estimated by means of FEM and the H-formulation considering a certain level of geometrical detail. The following operating conditions were analyzed: ac transport current, and dc transport current under external applied magnetic field with and without ripples. The validation of the modeling technique was carried out estimating losses with the simplest elliptic cross section model. However, greater geometrical detail including partial filament transposition was implemented to obtain a better estimation of the average tape losses. Therefore, the Cu layer and the Ni matrix as well as more realistic operating conditions could be taken into account. Based on the chosen geometrical tape model, dc transport current and uniform applied magnetic field losses were estimated on single tapes. Adding magnetic ripples to include the coupling between rotor and stator, it was found that the average tape losses increased rapidly with increasing ripple amplitude, as expected from the hysteretic nature of losses in superconducting materials. Finally, the coil losses could be estimated using a multiscale approach. An upper limit of 0.4 W and a lower limit of 0.01 W per coil were estimated to give a range of values to design safely the cryogenic cooling system, thereby ensuring the reliable operation of the generator. A strong dependence was found between the background dc magnetic field and the average losses of the superconducting coil. The greatest losses were found at tapes under the strongest dc background magnetic field. Figure 19 . Distribution of the average tape losses in the coil.
